The imperfect filamentous fungus Scytalidium flavobrunneum produces a potent antifungal compound, 15-azasterol (2), and reddish brown pigment at the end of the exponential phase of growth and into the stationary phase (9). The ability to synthesize both the pigment and the azasterol were lost simultaneously, and revertants to production of the substances were never observed (R. J. Rodriguez, unpublished data). We have shown that there is a concomitant loss of fungal plasmid pSFB-1 with the antifungal agent and pigment (3). The 9.1-kilobase plasmid was isolated, purified, and characterized by restriction mapping.
The imperfect filamentous fungus Scytalidium flavobrunneum produces a potent antifungal compound, 15-azasterol (2) , and reddish brown pigment at the end of the exponential phase of growth and into the stationary phase (9) . The ability to synthesize both the pigment and the azasterol were lost simultaneously, and revertants to production of the substances were never observed (R. J. Rodriguez, unpublished data). We have shown that there is a concomitant loss of fungal plasmid pSFB-1 with the antifungal agent and pigment (3). The 9.1-kilobase plasmid was isolated, purified, and characterized by restriction mapping.
If S. flavo-brunneum is treated with 15-azasterol during active growth, growth inhibition results. Like most antifungal agents, 15-azasterol prevents normal sterol synthesis. In this case, the effect is to prevent reduction of the C14=C15 double bond, resulting in formation of the metabolically unacceptable sterol ignosterol (1) . We assume, therefore, that production of the antifungal compound as a secondary metabolite is a physiological expedience by the organism to avoid self-intoxication.
In this study, we achieved transformation of the nonazasterol-producing strain of S. flavo-brunneum to azasterol production with plasmid preparations from the azasterolproducing wild type, thus affirming the involvement of the plasmid in the formation of the antifungal agent. Here we present results of our study of the regulation of transcription and relative copy number of plasmid pSFB-1 during the culture cycle of S. flavo-brunneum. This is the first demonstration of a strong correlation of a specific biochemical trait to a native filamentous fungal plasmid. In addition, our results present insight into the control of expression of the plasmid in secondary metabolic regulation.
MATERIALS AND METHODS
Fungal and bacterial strains and plasmids. S. Transformation of S. flavo-brunneum 28804 NA. Protoplasts were made by digestion of a 50-ml mid-log-phase culture of S. flavo-brunneum with NovoZym 234 (Novo Industri A/S, Bagsvaerd, Denmark) by the procedure of Jacobsen et al. (6) . The solution (3 ml) containing the protoplasts was filtered through sterilized cheesecloth. The protoplasts were then recovered from the filtrate by centrifugation for 30 s at 11,000 x g in a microcentrifuge and suspended in 500 ,ul of a solution of 1.0 M sorbitol, 10 mM Tris hydrochloride (pH 7.5), and 10 mM CaCl2 (STC). The transformation procedure was then performed as described by Turgeon et al. (10) . Briefly, 100 ,ul of filtered protoplasts was treated with STC buffer and 10 ,ug of pSFB-1 DNA and incubated for 20 min at room temperature. RNA purifications from S. flavo-brunneum. Samples from the culture were taken at designated times and centrifuged at 12,000 x g for 10 min at 4°C. The pellet was washed once with ice-cold distilled water and suspended in RNA extraction buffer containing 200 mM Tris hydrochloride (pH 7.5)-100 mM EDTA-0.25 M NaCl-0.1% sodium dodecyl sulfate.
An equal volume of Tris hydrochloride (pH 8.0)-saturated phenol was added. Baked glass beads (0.45-mm diameter; B. Braun Melsungen AG, Melsungen, Federal Republic of Germany) were added to the phenol-buffer interface. This solution was vortexed (model S8220; Scientific Products, Inc., Detroit, Mich.) at highest power for 3 min of alternating 15 s of mixing with 15 s of cooling in an ice bath. The sample was then centrifuged for 10 min at 12,000 x g. The upper phase was collected and extracted again with phenol, then phenol-chloroform (1:1), and lastly chloroform. The RNA was then precipitated overnight with 0.66 volume of 5 M LiCl at 4°C. This was centrifuged at 12,000 x g for 10 min, and the pellet was suspended in 400 RI of RNA buffer made of 0.2 M NaCl and 1% sodium dodecyl sulfate. RNA was then precipitated with 2.5 volumes of 95% ethanol. Before gel electrophoresis or S1 mapping, RNA precipitates were centrifuged at 12,000 x g for 10 min and suspended in RNA buffer. Quantification was estimated from measured 260/ 280-nm ratios on a Varian DMS 100 spectrophotometer.
Si nuclease mapping of transcripts. S1 nuclease mapping of transcripts was done as described by Maniatis et al. (8) . S1 nuclease was purchased from Boehringer Mannheim Biochemicals (Indianapolis, Ind.).
Northern blot analysis. RNA was separated on formaldehyde-agarose gels by the method of Lehrach (7) as modified by Fourney (4) . Sizes of RNAs were determined with RNA standards (Bethesda Research Laboratories) and S. cerevisiae rRNAs. Each lane contained 20 jig of total RNA. After electrophoresis, Northern blots were performed by GeneScreen protocols. Densitometry of autoradiographs was performed with a CS-930 dual-wavelength chromatoscanner (Shimadzu Corp., Kyoto, Japan). Differential transcription during the growth cycle was analyzed by using the density at 16 h as the arbitrary standard, and all transcripts were divided by this density.
Relative plasmid copy number determinations and transformation tests. Total DNA was denatured in 0.1 N NaOH at 37°C for 10 min. GeneScreen was prepared by the manufacturer-provided protocol. Samples of 5 ,ug of DNA were then slot blotted (relative plasmid copy number experiment) or dotted onto the membrane. The S. cerevisiae Ieu2 gene was used as the chromosomal DNA level control. The blots were then processed by DNA manipulation protocols.
Total DNA was extracted from samples taken at the designated times, denatured, and slot blotted onto GeneScreen. Blots with equivalent amounts of DNA were probed with the KpnI 1,600-base-pair fragment of YEp351, which contained the major portion of the leu2 gene from S. cerevisiae, or with pSFB-1. The conditions for Ieu2 probe hybridization were determined empirically. Because of anticipated differences in homology between the leu2 gene of S. cerevisiae and that of S. flavo-brunneum, the leu2 probe was hybridized at 35% formamide and 42°C, while pSFB-1 was hybridized at full stringency (50% formamide and 42°C). Relative plasmid copy number was determined with densitometry readings of autoradiographs of the two blots. The density of the pSFB-1-probed blot was divided by the density of the leu2-probed blot. The lowest value of all seven time points was used as a base value. All time points were divided by this base value, thus giving the lowest point an arbitrary value of 1.
Azasterol production assay. Ability to produce azasterol was determined as described in our earlier paper (9) .
Materials. The sources of materials not otherwise identified included the following: Tryptone, yeast extract, and agar were from Difco; glucose, sorbitol, sodium dodecyl sulfate, trizma base, polyethylene glycol 4000, and EDTA were from Sigma Chemical Co., St. Louis, Mo.; and inorganic chemicals, phenol, and solvents were from Fisher Chemical Co., Raleigh, N.C.
RESULTS
Transformation of pSFB-l into 28804 NA strains. The spontaneously arising strains of S. flavo-brunneum that lack the ability to produce azasterol or pigment were transformed with preparations of pSFB-1 obtained from the wild-type parent. Successful transformants were identified visually by production of the reddish brown pigment that is characteristic of the plasmid-containing wild type. In two experiments, 30 transformants were obtained (18 in the first transformation experiment and 12 in the second), giving an average of 1.5 transformants per ,ug of plasmid DNA. All 30 of the identified transformants were tested for the ability to produce azasterol. All were found to produce the antifungal activity. Total DNA preparations were made from four of the transformants, Ti through T4; from the plasmid-lacking strain 28804 NA that was used as the recipient for the transformation; and from the wild-type strain 28804, which carries the plasmid. All of the cultures were grown to stationary phase and lyophilized. In Fig. 1 , the results of probing the dot blots of these preparations with pSFB-1 DNA are shown. All of the transformants contained DNA that hybridized to pSFB-1, as did the wild type. As expected, there was no hybridization with 28804 NA.
Plasmid amplification during growth. Samples of an S. flavo-brunneum 28804 culture growing in YTD medium were taken, and cells were lyophilized at 16, 20, 24, 28, 40, 72, and 98 h, corresponding to time points 1 through 7, respectively. Production of the reddish brown pigment started at 60 h during this experiment. Total DNA from each time point was purified, and 5 ,ug was dot blotted. The dot blots were probed with 32P-labeled pSFB-1 DNA. The resulting autoradiographs of these blots are shown in Fig. 2. In Fig. 3 , the results of this analysis are shown along with the growth of the culture. The relative plasmid copy number decreased during log growth to a minimum at the end of log growth. At this point, there began an amplification of pSFB-1 that continued into the stationary phase, reaching 25-fold.
Northern blot analysis of pSFB-l-hybridizing RNA from S.
flavo-brunneum 28804. Total RNA was Northern blotted and probed with total plasmid pSFB-1. Autoradiographs showed bands corresponding to 2.5, 1.5, 1.0, and 0.9 kilobases. If the probe (total plasmid pSFB-1) was augmented with the 0.6-kilobase PstI fragment in the 5.2-to 5.8-kilobase region of pSFB-1 (3), a 2.0-kilobase transcript was also observed. The blot was probed with total plasmid pSFB-1 augmented with the 0.6-kilobase PstI fragment as indicated (Fig. 4) .
Si mapping of transcripts. Low-resolution Si mapping using different subclone fragments of pSFB-1 allowed for determination of areas of transcription from the plasmid. a Hybridization of the separated transcription products to different restriction fragments (3) from pSFB-1 is indicated. The transcripts were those identified by Northern blotting and probing with total pSFB-1. The corresponding S1 nuclease-insensitive fragment for each probe is shown.
with different sections of plasmid pSFB-1 (from cloned fragments [3] ). The quantitative data for the mRNAs hybridized to the indicated probes are given in Table 2 . Only data for the most specific probe are reported. Differential transcription during growth of all of the RNAs is shown in Fig.  6 . The graph in Fig. 7 shows the relative increase or decrease in the transcript during the culture cycle. The 1.0-kilobase transcript decreased slightly during the culture cycle. The 2.5-and 0.9-kilobase transcripts decreased slightly during log-phase growth and then increased at the onset of the stationary phase. These transcripts decreased late into the stationary phase. The 1.5-kilobase transcript decreased during early and mid-log growth but increased near the end of log growth and into the stationary phase. The 2.0-kilobase transcript stayed virtually constant during log growth but then increased nearly 30-fold over mid-log values as the culture entered the stationary phase. 
DISCUSSION
While studying 15-azasterol production by S. flavobrunneum growing in liquid cultures, we found that antifungal activity and the dark pigment were produced only when the culture had entered the stationary phase. In addition, when actively growing cultures were plated onto solid medium, individual colonies were occasionally observed that had simultaneously lost the capacity to synthesize both products. The ease of monitoring both the pigment and the 15-azasterol prompted us to consider this system as a possible model for studying the regulation of secondary metabolites in a filamentous fungus.
With the transformation experiments reported here, we conclude that maintenance of plasmid pSFB-1 is necessary for expression of the unique biochemical events that result in azasterol and pigment production. Our early attempts to demonstrate the plasmid were frustrated, because we harvested the cultures during the mid-exponential phase. Inadvertently, one culture was allowed to incubate for over 80 h and was found to yield large amounts of plasmid. While this greatly facilitated the work in characterizing the plasmid, it also prompted us to determine the relationship between the culture cycle and plasmid yield. With a filamentous organism, it is difficult to assign an amount of plasmid per cell. We chose instead to normalize the plasmid amounts to a genetic element in the host cell that could be monitored during balanced growth and into the stationary phase. We selected the leu2 gene of S. cerevisiae as a probe for a homologous leucine gene in S. flavo-brunneum. Our results indicate that there was substantial amplification of pSFB-1 following entry of the culture into the stationary phase. The very low plasmid ratio that was reached during exponential growth may account for the appearance of azasterol-negative strains. The mechanism whereby replication is regulated in the host is not known.
We identified five RNA transcripts that cover four distinct regions of the plasmid. The steady-state concentrations of the transcripts were also assayed as a function of the culture cycle. The 1.0-kb product appeared to be regulated differently from the other transcripts. It decreased as the culture progressed through the growth cycle. All of the other transcripts decreased through exponential growth but increased in the early stationary phase. The 2.0-kb component showed an enormous increase during the stationary phase, with no substantial decrease, even very late in the experiment.
The significance of the expression of these transcripts will become evident when we are able to assign biochemical activities to the transcripts. We think it is unlikely that the entire biosynthetic pathway for 15-azasterol is encoded by the plasmid. Synthesis of sterols is far too complex for all of the information to be on the plasmid. We have shown that during exponential growth, ergosterol is formed in S. flavobrunneum, as it is in most other fungi (9) . It seems likely that 15-azasterol represents a digression from normal sterol synthesis. This could be accomplished by ring expansion with insertion of nitrogen following the 14-demethylation of lanosterol. This is a unique biochemical activity, and how it would be coordinated with the principal route of sterol synthesis is an intriguing physiological problem.
